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(57) ABSTRACT

There 1s provided a method for thermally focusing the elution
times of compounds of a liquid chromatography system com-
prising a pre-column and a separation column as well as to
provide a liquid chromatography system, wherein the chro-
matographic separation of a mixture of substances 1s opti-
mized.
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Figure 1B
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Figure 1C
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DYNAMIC THERMAL FOCUSING OF
CHROMATOGRAPHIC SEPARATIONS

This application 1s a National Stage Application of PCT/

EP2009/065041, filed 12 Nov. 2009, which claims benefit of >

Ser. No. 61/116,323, filed 20 Nov. 2008 1n the United States

of America and which applications are incorporated herein by
reference. To the extent approprniate, a claim of priority 1s
made to each of the above disclosed applications.

FIELD OF THE INVENTION

The present invention relates to a liquid chromatography
system and a method for focusing the chromatographic sepa-
ration on one, two, or more columns of a liquid chromatog-
raphy system by dynamically and differentially adjusting the
temperatures of different segments of the liquid transter lines
and the solid phases of the setup. More specifically, the mnven-
tion primarily relates to a method for thermally focusing the
cluting compounds of a pre-column and a separation column
ol a liquid chromatography system.

BACKGROUND OF THE INVENTION

Detection efficiency by means of electrospray mass spec-
trometry 1s concentration dependent so the best sensitivity 1s
achieved when samples are eluted 1n volumes that are as small
as possible. This 1s done by using chromatographic columns
of narrow inner diameters and low flow rates for the mobile
phase. However, small column volumes provide fewer bind-
ing sites on the stationary phase such that the loading capacity
1s low. Overloading columns with sample results 1n poor
resolving power, broad and asymmetric peaks and eventually
deteriorating detection efliciency.

In liquid chromatography, the equilibrium distribution
between analyte that 1s immobilized on the stationary phase
and analyte dissolved in the mobile phase 1s a function pri-
marily of the compositions of the mobile and stationary
phases but also many other physical/chemical parameters
may have a pronounced eflect. One such parameter 1s tem-
perature and 1t 1s common practice to use column ovens (and
more rarely column-coolers) 1n order to maintain a stable
temperature of the columns during analysis since temperature
stability greatly enhances the retention time reproducibility
of repeat experiments. In addition, it 1s often observed that
cluting peaks are slightly narrower and more symmetrical
when column temperatures are raised slightly above ambient
temperature. Typical temperature ranges used for separation
columns are 30-50° C. In nano-LC (which 1s liquid chroma-
tography that uses a flow range of typically 50 nLL/min to 500
nl./min) and in proteomics applications in particular, the use
of column temperature control 1s less common than in most
other application areas and when using larger tlow ranges.

Frequently, trapping columns (or “pre-columns™) are used
to capture samples during sample loading where such trap-
columns are shorter and often of slightly wider 1D than the
analytical (or “separating”) columns. By virtue of being
shorter and wider, the tflow rate through pre-columns when
loading and desalting samples can be much higher than when
samples are applied directly onto analytical columns. This
saves analysis time. Compounds eluted from the pre-column
move onto the analytical column and are separated there. A
primary negative effect caused by the combined use of trap-
ping columns in-line with separating columns, 1s that peak
widths are much (typically 1.3 to 5 times) wider than when
samples are loaded directly onto separating columns (entirely
omitting trap-columns). This reduces resolving power and
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absolute sensitivity. Typically the ID for trap columns 1s in the
range of 100% to 130% of the ID of the separating columns
and lengths of trap columns are typically from 0.5 cm to few
centimeters whereas the lengths of separating columns typi-
cally range from 5 cm to 100 cm. The larger the trapping
column ID (and hence volume) 1s, the more pronounced will
the peak broadening effect typically be.

Currently, experimental conditions for LC-MS 1n proteom-
ics are chosen to match the requirements for sensitivity,
analysis speed, dynamic range, and resolution. Each of these
parameters 1s highly important and much effort goes into
finding ways to improve and optimize these parameters,
albeit, one cannot optimize all parameters simultaneously
because of counteracting effects.

The chromatographic retention and resolution, 1.e., the
separation of the different peaks in the chromatogram asso-
ciated with different substances, are to some extent influ-
enced by the system temperature. It 1s known that the system
temperature can be manipulated to optimise conditions for a
specific separation task. And it 1s widely practised to ensure
reproducible chromatographic results, by holding the tem-
perature constant during the separation process and from
analysis to analysis. To this end, a thermally stabilized hous-
ing 1s often employed in liquid chromatography in order to
keep the chromatographic bed temperature in the separation
column constant. By adjusting temperatures, it 1s also pos-
sible to optimize the separation performance of a separation
column for a given analyte and given set of mobile phases.
Various forms of thermally stabilized housings of the cited
type are known, 1n which the temperature within the housing
1s essentially constant, such as a water bath, circulating-air
heating/cooling, a heating jacket, etc.

The prior art includes various apparatus for thermal stabi-
lization 1n liquid chromatography.

U.S. Pat. No. 4,404,845 discloses a thermal regulator for

liquid chromatographs. This regulator comprises a thermostat
arrangement for the mobile phase and the separation column
in a liquid chromatograph, whereby the thermostat has a heat
transformer through which the mobile phase passes. The heat
transformer comprises a heating and/or a cooling element and
1s positioned between a sample 1njection device and the inlet
of the separation column. The heat exchanger serves to selec-
tively heat or cool the ambient air surrounding the separation
column. Thermal regulation of the mobile phase and the
separation column prevents disadvantageous temperature
gradients.
DE8536810 discloses an oven for setting the temperature
of separation columns for high pressure liquid chromatogra-
phy. In order to avoid a fluctuation of the retention times due
to temperature deviations, temperature regulation of the sepa-
ration column 1s proposed. The temperature of the separation
column 1n this case 1s set by an oven consisting of a thermally
heatable and coolable block of a metal with high thermal
conductivity and with a well for accepting one or more sepa-
ration columns. A Peltier element 1s arranged on the heatable
and coolable block to allow working temperatures to be set
below room temperature.

EP438618 discloses an apparatus for thermally stabilizing
a mobile phase 1 a liquid chromatograph. This apparatus
comprises a chromatographic column to which an imgoing
capillary tube and an outgoing capillary tube are attached, this
chromatographic column being positioned in a receptacle
clement that can be adjusted to a desired temperature using a
temperature control unit. In order to avoid excessive tempera-
ture of the liquid directed to a detector through the outgoing
capillary tube, which would lead to inaccurate measurement,
it 1s proposed 1n this case to route the imngoing and outgoing
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capillary tubes parallel with one another for a predefined
distance 1n order to achieve a heat exchange between the

higher-temperature capillary tube leading to the detector and
the lower-temperature ingoing capillary tube leading to the
separation column.

In addition to the atforementioned apparatus with one sepa-
ration column, there are known liquid chromatography sys-
tems that work with two columns, a pre-column and a sepa-
ration column. In transferring the substances to be analyzed
from the pre-column to the separation column, however, a
more strongly elutropic eluent 1s required for the pre-column
than for the separation column, even 1f the same packing
material 1s used 1n both columns. This causes the dispersion in
the pre-column to act as an “elutropic injection volume”,
whereby even well-packed pre-columns considerably reduce
the overall efficiency of the liquid chromatography system.
Of added disadvantage in this case are pre-columns with low
elficiency and high capacity.

SUMMARY OF THE INVENTION

In view of the prior art, it 1s an object of the present
invention to provide a method for thermally focusing the
clution times of compounds of a liquid chromatography sys-
tem comprising a pre-column and a separation column as well
as to provide a liquid chromatography system, wherein the
chromatographic separation of a mixture of substances is
optimized. This object 1s met by a method and by a liquid
chromatography system i1n accordance with the present
invention. The mvention will hereinaiter be referred to as
“Thermal Focusing” (TF) with additional discrimination
between “Dynamic” Thermal Focusing (DTF) and “Static™
Thermal Focusing (STF), where DTF offers significant
advantages over STF.

The principle of TF utilizes the abovementioned common
phenomenon that the distribution of immobilized versus free
analyte 1s a function of temperature. But rather than simply
keeping column temperatures constant 1t has been found ben-
eficial to use temperatures that are vastly different at the
location of the pre-column (trap-column) and the location of
the separating-column (STF), and change temperatures at
both of these locations over the course of a chromatographic
analysis (DTF).

Specifically, TF utilizes a steep temperature gradient
between a trap column and a separating column 1n order to
focus analytes that elute off of the trap column 1nto a narrow
band at the very beginning of or through the separating col-
umn. This focusing effect 1s, by example, very prominent for
peptides, using the same or related stationary phase materials
in both columns but where the trap column 1s kept at, say 50°
C., and where at least the initial part of the separating column
1s kept at a lower temperature, e.g. 0° C. The separating
column cooling preferably includes also a portion of the
transter tubing coming from the trap column such that mobile
phase 1s cooled belore reaching the separating column. Simi-
larly, the tubing leading into the trap-column should also be
temperature controlled such that buflers have reached the set
trap-column temperature already before physically reaching
the front end of the trap-column. The cooled area of the
separating column need not cover the entire length of the
separating column whereas the entire length of the trap col-
umn preferably should be of uniform temperature.

The focusing effect increases with the size of the tempera-
ture drop. The cause of the focusing effect 1s that analytes
released at high temperatures from the pre-column at a given
point (T'1) 1n a mobile phase gradient will, when cooled
before the separating column, strongly displace from the
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mobile phase to the stationary phase and be immobilized until
such later point 1n time (12) when the gradient has changed
suificiently to again facilitate elution. By controlling param-
cters such as flow rates and gradient steepness, 1t 1s possible
for many given combinations of mobile and stationary
phases, to create conditions that will focus analytes eluting
off of the trap column nto much narrower bands on the
separating column. This requires only that the elution volume
for each analyte when eluting from the trap-column be
smaller than the volume of mobile phase that flows between
the columns during the time from T1 to T2.

For gradients of practical and typical duration, TF allows
the matching of very large 1D trap columns with narrow 1D
separating column without sigmificant peak broadening
elfects.

Studies performed by the present inventors indicate that the
ID of the trap column can be e.g. 500% of the ID of the
separating column while the length of the trap column may
also be longer than normal without leading to detrimental
peak broadening. This translates into much improved loading
capacity (as this 1s proportional to trap column volume) of the
entire system and higher loading and de-salting speeds (as
this 1s roughly proportional to the column radius to the fourth
power and only inversely proportional to the column length).
In practice, for complex samples, this can provide one to two
orders of magnitude higher dynamic range and/or sensitivity
of nano-LC-MS experiments. With the larger diameter, pre-
columns are also less likely to be blocked by particulate
matter and debris contained in liquid samples and hence the
overall nano-LC analysis becomes more robust than 1t 1s with
the currently used, relatively narrow diameter pre-columns.

Since analytes are released from the trap column and
“snap’” onto the separating column 1n narrow bands, the reso-
lution of peaks observed when using TF and a trap/separating
column setup 1s often just as good and sometimes even better
than the resolution observed when samples are loaded
directly onto a separating column with current approaches
(omitting the use of a trap-column altogether).

The combination of these effects means that TF makes it
possible to simultaneously achieve significantly higher load-
ing speeds, sensitivity, robustness, and/or dynamic range than
what 1s achieved with state-of-the-art approaches today while
maintaining the same resolving power.

An additional positive effect of the temperature controls of
both columns with TF 1s that the retention time reproducibil-
ity remains high despite changes in sample loads and the
concentration of impurnities (salt-load) from sample to
sample.

Also, TF generally alleviates the peak broadening caused
by diffusion and turbulence in large void volumes in-between
the trap and the separating columns. Such void-volume 1ssues
are Irequently the result of imperfect connections between
columns, fittings, and tubing where such imperfections cause
“dead-volumes” (that are unswept) and perturb the fluid flow
in a manner that causes peak broadening. When using TF,
essentially only dead volumes and perturbations lying after
the separating column will lead to peak broadening, thus the
technique 1s more forgiving than current approaches where
there slightest imperfection can lead to large peak broadening
clfects and therefore reduced sensitivity. When using col-
umns and tubing with inner diameters below 150 um and flow
rates below 1 ul./min this beneficial effect of TF becomes
important also for expert users since even small dead volumes
and perturbations will have pronounced detrimental effects to
the chromatography, resulting i broad and asymmetric
peaks.
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Using TF 1n static mode (STF) has two major drawbacks:
1) When loading samples onto a trap column that 1s kept at

clevated temperatures, some analytes may not bind effi-

ciently, and e.g. some very hydrophilic components may
flow straight through the trap column and escape analysis.

To avoid this loss of some analyte species, 1t 15 an advan-

tage to keep the trapping column at low temperatures, ¢.g.

0° C., while loading and desalting samples and then only

raise trap column temperatures when the gradient elution s

to begin. This actually often helps bind more analytes than

one observes when loading samples at ambient tempera-
tures as 1s mostly done with current nano-LC-MS
approaches.

2) Conversely, the cooled separating column can bind certain
analytes and impurities (such as detergents and polymers)
so strongly that these remain immobilized on the column
throughout the entire gradient, even during 1ts latter part
which 1s usually devised to help clean the separating col-
umn prior to next sample being analyzed. This will lead to
accumulation of analytes and impurities on the column
such that the column may be rendered useless or perform-
ing badly after only few sample 1njections. To avoid this
loss of separating power, it 1s an advantage to raise the
temperature of the separating column to at least the same
temperature as that of the trap column towards the very last
part of the gradient, such that every molecular species that
1s transferred from the trap to the separating column will
also be washed out of the separating column for each
analysis cycle.

When including these temperature changes over time, TF
should be referred to as DTF which has the just mentioned
significant advantages over STF.

Focusing effects have previously been achieved and 1s
commonly used 1 chromatography by carefully matching
different stationary phases in trap and separating columns.
This approach 1s often cumbersome and normally only helps
focus few select compounds and not a broader group of com-
pounds. In addition, unwanted negative effects such as speci-
ficity switches (resulting in split peaks) may be observed. TF
1s simpler to deploy and control and focuses over broad
ranges ol compounds simultaneously. It 1s however possible
to achieve even further optimized separation effects by cou-
pling the use of TF with the matching of different trap and
separating column matenals.

Thus 1t 1s an object of the present invention to provide a
method for thermally focusing analytes to be analysed by
virtue of a pre-column and a separation column for liquid
chromatography, as well as to provide a liquid chromatogra-
phy system, in which the separation efficiency of the liquid
chromatography system 1s augmented and not impaired by
the pre-column. This object1s met by amethod and by a liquid
chromatography system in accordance with the appending
claims.

According to an embodiment of the present invention, a
method 1s provided for thermally stabilizing a liquid chroma-
tography system with the following steps: operation of the
pre-column, during an enrichment phase for enriching a
sample 1n the pre-column, at a first temperature lower than an
operating temperature ol the separation column; heating the
sample contained in the pre-column, after completion of the
enrichment phase, to a second temperature that 1s higher than
the operating temperature of the separation column; initiating,
a gradient elution of the separation column while transferring
the sample contained in the pre-column to the separation
column; and cooling of the sample to the operating tempera-
ture of the separation column, wherein the second tempera-
ture of the pre-column 1s typically at least 40° C. higher than
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the operating temperature of the separation column. Finally
the temperature of the separating column may be raised to at

least the same temperature as that of the trap column towards
the very last part of the gradient, such that every molecular
species that i1s transferred from the trap to the separating
column will also be washed out of the separating column for
cach analysis cycle.

In the enrichment process of the mvention, which employs
a pre-column, the pre-column 1s operated at a lower tempera-
ture than the analvytical (separation) column. As a result, the
break-through of early eluting substances can be reduced or
prevented.

The present invention may further increase the capacity of
the pre-column by using an ID of the pre-column that 1s from

100% to 500%, preferably from 120% to 350%, more pret-
erably from 130% to 200%, and most preferably from 150%
to 170% of the ID of the separating column while the length
of the trap column 1s from 1% to 300%, preferably from 10%
to 150%, more preferably from 60% to 120%, and most
preferably from 70% to 100% of the length of the separating
column.

The present mvention, moreover, provides a liquid chro-
matography system with a pre-column for enriching a
sample; a separation column with a fluid-transfer link to the
pre-column; a first heat exchanger device arranged on the
pre-column and enabling independent control of the pre-
column temperature; a second heat exchanger device
arranged on the first between 5% and 20%, preferably 30%,
more preferably 40%, and most preferably at least 50% of the
length of the separation column enabling independent control
of the temperature of the first part of the separation column;
and occasionally a third heat exchanger device arranged on
the rest of the separation column enabling independent con-
trol of the temperature of this part of the separation column.

The present ivention provides, in an advantageous man-
ner, a physical and electrical de-coupling of the heat exchang-
ers of the pre- and separation columns of a liquid chromatog-
raphy system, so that two columns, namely the pre-column
and the separation column as well as the first part of the
separation column, can be operated at different temperatures,
resulting 1n the ability to optimize the selectivity and/or sepa-
ration efliciency.

BRIEF DESCRIPTION OF THE DRAWINGS

The following describes in greater detail preferred embodi-
ments of the present invention with reference to the accom-
panying drawings, in which FIGS. 1A to 1C show a first
embodiment of the cooling/heating devices required for a
liquid chromatography system 1n accordance with the present
invention. FIG. 1A shows the thermo-element used for heat-
ing and cooling of the separation column, 1n this case, a
Peltier element 1n contact with an elongated block of alu-
minium that has a groove which precisely fits around the
column (3360 um). The aluminium piece 1s surrounded by an
insulator layer made of plastic and foam 1n order to minimize
the amount of energy exchanged with the ambient air (please
note the 1id 1s shown 1n exploded view). FIG. 1B similarly
shows the thermo-element used for heating and cooling of the
pre-column. This 1s also an aluminium block with grooves cut
for a precise it to the pre-column. Also the connection fitting
and some of the tubing upstream of the pre-column (i.e.
towards the LC system) 1s enclosed in the thermo-element to
ensure that the liquid (and sample) has reached the desired
temperature by the time 1t reaches the front edge of the pre-
column. The cooling and heating events are more time critical
tor the pre-column than for the analytical column and also the



US 8,013,216 B2

7

system must be able to cool/heat pre-columns of significantly
wider diameter (than the separation columns have) and there-

fore this thermo-eclement was made with two larger Peltier
clements and a substantially larger heat sink. FIG. 1C shows
both thermo-elements relative to one another where the pre-
and separation-columns have been connected by a piece of
transier tubing, preferably of low inner diameter, 1n this case
25 um ID.

FIG. 2 compares chromatograms taken with the chroma-
tography system of the present invention without (top pane)
and with (bottom pane) thermal focusing. Both chromato-
grams were recorded with otherwise 1dentical experimental
parameters. The sample loaded was a tryptic digest of BSA
(bovine serum albumin, Mw 66 kDal) and the 10n trace 1s
displayed for two values of mass-to-charge ratios, namely the
peptides eluting to give rise to 1ons of m/z 722.6 and 382.5,
resp. The separation column used had an inner diameter of 73
um and a length of 8 cm and hence its volume was approxi-
mately 112 nL.. The pre-column and an artificially introduced
dead-volume immediately betfore the separation column were
approximately 2050 nL, 1.e. a volume that 1s around 18 times
larger than that of the separation column. The upper chro-
matogram shows the envelope of the peaks eluting under
normal running conditions, that 1s without thermal focusing
turned on. Both of the two peaks are around 40 seconds wide
at the mtensity level of 3% above baseline. Also both peaks
exhibit pronounced asymmetry. The lower chromatogram
shows the same experiment albeit with thermal focusing
turned on. The two peaks have now been focused such that
they have become significantly more symmetrical and the
peak widths at 5% above base line has dropped to around 12
seconds. As a result of the narrower peaks, the signal intensity
1s almost 3 times higher and the general signal-to-noise-ration
of the entire chromatogram has improved.

FIG. 3 shows a schematic representation of the tempera-
tures of the pre-column and the separation-column as a func-
tion of time during a chromatographic analysis that uses DTF.
The two temperature extrema need not be the same or even
near the same for the two columns as the figure might imply.
Neither axis 1s drawn to scale. When using ultra-fast gradients
or working with particularly sticky compounds, 1t 1s also
conceivable that the separation-column temperature must be
held at “high” for longer time than for the pre-column. But for
most analyses, the separation column temperature 1s only
raised for a relatively short period of the overall cycle.

FI1G. 4 schematically depicts the gradually increased tem-
perature of the separation column during the gradient elution
phase.

DETAILED DESCRIPTION OF THE INVENTION

The following describes 1n greater detail preferred embodi-
ments of the present invention with reference to the accom-
panying drawings, in which FIGS. 1A to 1C show a first
embodiment of the cooling/heating devices required for a
liquid chromatography system 1n accordance with the present
invention. FIG. 1A shows the thermo-element used for heat-
ing and cooling of the separation column, in this case, a
Peltier element 1n contact with an elongated block of alu-
mimum that has a groove which precisely fits around the
column (360 um). The aluminium piece 1s surrounded by an
insulator layer made of plastic and foam 1n order to minimize
the amount of energy exchanged with the ambient air (please
note the lid 1s shown 1n exploded view). FIG. 1B similarly
shows the thermo-element used for heating and cooling of the
pre-column. This 1s also an aluminium block with grooves cut
for a precise it to the pre-column. Also the connection fitting
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and some of the tubing upstream of the pre-column (i.e.
towards the LC system) 1s enclosed in the thermo-element to
ensure that the liquid (and sample) has reached the desired
temperature by the time it reaches the front edge of the pre-
column. The cooling and heating events are more time critical
for the pre-column than for the analytical column and also the
system must be able to cool/heat pre-columns of significantly
wider diameter (than the separation columns have) and there-
fore this thermo-element was made with two larger Peltier
clements and a substantially larger heat sink. FIG. 1C shows
both thermo-elements relative to one another where the pre-
and separation-columns have been connected by a piece of
transier tubing, preferably of low inner diameter, 1n this case
25 um ID.

FIG. 2 compares chromatograms taken with the chroma-
tography system of the present invention without (top pane)
and with (bottom pane) thermal focusing. Both chromato-
grams were recorded with otherwise 1dentical experimental
parameters. The sample loaded was a tryptic digest of BSA
(bovine serum albumin, Mw 66 kDal) and the 10n trace 1s
displayed for two values of mass-to-charge ratios, namely the
peptides eluting to give rise to 1ons of m/z 722.6 and 382.5,
resp. The separation column used had an inner diameter of 75
um and a length of 8 cm and hence its volume was approxi-
mately 112 nL.. The pre-column and an artificially introduced
dead-volume immediately before the separation column were
approximately 2050 nL, 1.e. a volume that 1s around 18 times
larger than that of the separation column. The upper chro-
matogram shows the envelope of the peaks eluting under
normal running conditions, that 1s without thermal focusing
turned on. Both of the two peaks are around 40 seconds wide
at the intensity level of 3% above baseline. Also both peaks
exhibit pronounced asymmetry. The lower chromatogram
shows the same experiment albeit with thermal focusing
turned on. The two peaks have now been focused such that
they have become significantly more symmetrical and the
peak widths at 5% above base line has dropped to around 12
seconds. As aresult of the narrower peaks, the signal intensity
1s almost 3 times higher and the general signal-to-noise-ration
of the enfire chromatogram has improved.

FIG. 3 shows a schematic representation of the tempera-
tures of the pre-column and the separation-column as a func-
tion of time during a chromatographic analysis thatuses DTF.
The two temperature extrema need not be the same or even
near the same for the two columns as the figure might imply.
Neither axis 1s drawn to scale. When using ultra-fast gradients
or working with particularly sticky compounds, 1t 1s also
conceivable that the separation-column temperature must be
held at “high” for longer time than for the pre-column. But for
most analyses, the separation column temperature i1s only
raised for a relatively short period of the overall cycle.

The invention has been implemented and tested for the use
in nano-LC-MS. The implementation deploys Peltier cool-
ing/heating elements with aluminum heat sink and fan. Peltier
clements heat small aluminum bars that are covered with
1solating foam. Temperature sensors and computer controlled
teedback regulation 1s used to regulate temperatures within
margins ol less than one degree from the set-point except
during the rapid transitions between alternating temperatures
in the D'TF cycle. Synchronization with the LC analysis cycle
(specifically, the sample loading and de-salting and gradient
formation) ensures that DTF benefits are optimized (see also
FIG. 3).

In the nano-LC regime of flow rates 01 0.01 to 500 nl./main,
and with transfer tubing and column diameters of a few to few
hundred um 1t 1s straightforward to drain or add the necessary
amount of heat on the required time-scale. Peltier elements
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are 1n most regards 1deal for the application but other alter-
native means of providing the energy transier could include
liquad baths, air contact (ovens/freezers), depressurizing/
compressing gasses, heating coils etc. In particular 1t may be
an advantage to use such other means of creating the heat
transier when TF 1s implemented in chromatographic sys-
tems that use larger tflows and therefore require more heat to
be transierred within a given period of time.

FIGS. 1A-C show a liquid chromatography system in
which a pre-column for enriching the sample and a separation
column are arranged (and which may include collective or
discrete housings (not shown)). In order to operate pre-col-
umn and separation columns at three different, constant tem-
peratures, heat exchangers (and possibly their housings) are
arranged spatially separated from one another. First heat
exchanger 1s associated with the pre-column, and second and
third heat exchangers are associated with the separation col-
umn. The sample 1s loaded onto the pre-column e.g. by means
of an LC pump via an inlet transier tube. The outlet of the
separation column 1s connected to a detector (not shown).

The arrangement shown in FIGS. 1 permits three different
temperature environments to be realized. In order to create
these temperature environments, heat exchangers are con-
nected to a control unit that enables independent control of the
pre-column temperature and/or the separation column tem-
peratures.

The design of the liquid chromatography system shown in
FIGS. 1 allows, during the enrichment phase, operation of the
pre-column at a temperature lower than the its operating
temperature during gradient elution.

After the enrichment phase, the pre-column and thereby
the sample contained therein 1s heated to a second tempera-
ture at least 10° C. higher and typically 40° C. higher than the

operating temperature of the separation column. As a resullt,
the substances being analyzed 1n the sample elute 1n a gradi-
ent at a solvent composition that is less elutropic compared to
the solvent composition required for prior art liquid chroma-
tography systems with a pre-column 1s transferred from the
pre-column to the separation column.

The sample now passes through a second heat exchanger, 1s
cooled to the operating temperature of the first part of the
separation column, and adsorbs to the stationary phase and
thereby becomes concentrated again early in the separation
column. Finally, the sample passes through a third heat
exchanger (or a not-cooled portion of the separation column)
and then elutes from the separation column. In a preferred
embodiment the operating temperature of the separation col-
umn 1s 0° C., while the second temperature of the pre-column
1s 50° C.

Using the liquid chromatography system and method of the
invention, the band widening occurring in prior art liquid
chromatography systems with a pre-column, caused by the
pre-column and the connecting fittings and capillary tubes, 1s
prevented for the most part, resulting 1n an increase in the
separation efficiency of the liquid chromatography system.

The following describes an example of an analysis that
demonstrates the principle and effect of the invention, with
reference to FIG. 2 where the upper pane shows a chromato-
gram recorded without TF and the lower pane shows a chro-
matogram with DTF active.

The experiment used an 1n-house packed pre-column of
inner diameter 150 um and length of around 1 cm, packed
with C18 reverse phase material (5 um bead size, ReproSil
PurA, 120 A pore size, Manufacturer: Dr. Maisch, Ammer-
buch-Entringen, Germany). This was connected to a 10 cm
long piece of empty tubing of ID 500 um, which corresponds
to a volume of 2 ul, 1n order to demonstrate the effect a
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dead-volume or a larger pre-column has. Following this
empty tubing came an in-house packed separation column of
inner diameter 75 um and length of around 8 cm, packed with
C18 reverse phase material (3 um bead size, ReproSil PurA,
120 A pore size, Manufacturer: Dr. Maisch, Ammerbuch-
Entringen, Germany).

The sample (analyte) loaded to record each of the two
chromatograms was 100 tmol of peptides from bovine serum
albumin that had been digested with trysin. Whereas peptides
were recorded over a wide mass-to-charge range, FIG. 2
displays selectively only two peptides (at nominal m/z 582
and 722, resp.). The chromatograms were recorded by an
LCQ Classic 1on-trap mass spectrometer ( ThermoFisher Sci-
entific, San Jose, Calif., USA).

The chromatography system used was an Easy-nL.C from
Proxeon Biosystems A/S, Odense, Denmark. The A-butfer
used was: 5% acetonitrile and 0.1% formic acid in water; and
the B-bulfer used was: 20% water and 0.1% formic acid n
acetonitrile. The gradient was from 0% B to 35% B 1n 25
minutes.

In the experiment without TF, both pre-column and sepa-
ration column were at ambient temperature of around 23
degrees centigrade whereas the experiment with D'TF main-
taimned a temperature of the pre-column of 40 degrees centi-
grade and a separation column temperature of O degrees cen-
tigrade during the gradient elution.

The focusing 1s readily visible masmuch as the elution
envelope of both peptide peaks become nearly three times
narrower and the intensity of each peak thus becomes nearly
three times higher.

In the following, further details regarding the heat
exchanger in accordance with the present invention will be
explained. In a preferred embodiment of the invention, the
first, second, and third heat exchanger devices are thermally
decoupled, but still arranged 1n the same column housing,
without a partition between the heat exchanger devices. The
first, second, and third heat exchanger devices can be heated
or cooled mdependently of each other with equal or with
different temperatures. A feature contributing to the thermal
decoupling of the first and second heat exchanger devices 1s
that there 1s no circulation of air in the column housing so that
the first and second heat exchanger devices, due to their
spacing and orientation, can hardly exchange heat, even 1f
they are arranged 1n the same column housing.

The heat exchanger devices 1n a preferred embodiment of
the invention are characterized by a material having good heat
conducting properties, by thermally well integrated fluid cap-
illaries for pre-thermostating of the solvent/sample mixture,
and by ribs for recerving the column and for heat transfer
thereto. The heat exchanger devices can be heated and cooled
in a controlled way. The heat transport for thermal control of
the separation column 1s accomplished via the solvent in the
tubing prior to the column, via the contact between the sepa-
ration column and the heat exchanger and via heat radiation
and convection between the ribs supporting the separation
column.

As compared to circulating air, the described solution has
the advantage that different temperature settings of the first
and second heat exchanger devices are possible without nega-
tive thermalinfluences between these devices, even i they are
arranged 1n the same column housing. It 1s an advantage of the
controlled sample pre-thermostating that radial and longitu-
dinal temperature differences of the solvent are kept as small
as possible, since the temperature of the separation column
and of the solvent flowing 1nto 1t are substantially equal, thus
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avolding any heat exchange of the solvent inside the separa-
tion column, which would have a negative effect on the chro-
matographic performance.

According to an embodiment of the invention, the heat
exchanger capillaries 1n the first and second heat exchanger
devices, respectively, have different lengths over which heat
1s exchanged, so that a wide range of solvent tlow rates can be
covered. Theinlet and outlet connections of the heat exchang-
ers are arranged such that the shortest possible connection to
the separation column 1s achieved, thus ensuring a mimmized
dead volume.

It 1s understood that the underlying concept of the present
invention cannot only be used in connection with a pre-col-
umn and a separation column, but also 1n connection with two
(possibly different) separation columns arranged 1n a com-
mon housing as described above in connection with FIG. 1. In
such an embodiment, the separation columns are preferably
connected via a column switching valve. The two columns
may have different packing materials and are operated at
different temperatures. The purpose of having two columns
with different operating parameters (e.g. temperature) 1s to
optimize the separation of a mixture of sample substances 1n
that some of the substances are separated by the first column
and some of the substances are separated by the second col-
umn, depending on which column provides the best separa-
tion characteristics for the specific component. The transier
of substances to a specific column and to a subsequent detec-
tor 1s accomplished by appropriate control of the switching
valve arranged between the two columns.

The just described embodiment has the advantage that only
a single column housing for both columns operated at differ-
ent temperatures 1s required, leading to short connection
paths in the apparatus, and thus ensuring a small chromato-
graphic dead volume. Furthermore, the possibility to use
different temperatures for the two columns ensures improved
separation of the sample components.

The present invention has been described above and
implented with reverse phase chromatography, C18 station-
ary phase material, and aquous/organic solvent as the mobile
phases. However, the principle of temperature atlecting the
distribution of analytes between the mobile and stationary
phases applies also 1n other separation techniques. And hence
the present invention 1s applicable to other modes of chroma-
tography, ¢.g. normal phase LC, low pressure chromatogra-
phy, 10n exchange chromatography and more. Also the inven-
tion applies to multi-dimensional separation techniques, 1.¢.
hyphenated techniques that separate analytes by means of
two or more different physico-chemical characteristics. An
especially prominent example of this would be 2-dimensional
L.C with strong cation exchange (SCX) separation 1n the first
dimension followed by reverse phase separation 1n the second
dimension.

The present invention has been described above and imple-
mented with temperature shifts between two levels made very
rapidly, relative to the overall chromatographic time-scale.
Typically the transition from low to high temperature (or
reverse) takes place 1n ten to 120 seconds for both the pre-
column and the separation column. The rapid rise and {fall
times are indicated also 1n FIG. 3. However, there are cases in
which it 1s even more beneficial to make the temperature
transition in a more gradual manner. In particular, the low
operating temperature ol the separating column during the
gradient elution can lead to peak asymmetry and broadening
for some of the more hydrophobic analytes 1n reverse phase
chromatography. Hence the positive TF-effect may be lost
again. To mitigate this loss, it 1s advantageous to gradually
increase the temperature of the separation column during the
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gradient elution phase such as schematically depicted in FIG.
4. Such temperature regulation yields the full DTF efifect for
both early- and late-eluting compounds.

The present mnvention has been described and implemented
using binary temperature definitions (e.g. high and low) but 1t
1s quite conceivable that the desired chromatography enhanc-
ing elfects be even more pronounced with three or more
temperature levels and stepwise transition between these.

The present invention has been described and implemented
using a pre-column (also called a trap-column) and a separa-
tion column (also called an analytical column) but i1t should
apply equally well to one column separated into different
segments only by the temperature control of said segments.

The present mnvention has been described and implemented
using just one pre-column segment and one separating col-
umn segment but 1t should apply equally well to multiple
cooling/heating segments that are positioned sequentially
along one long column or a number of columns.

The invention claimed 1s:
1. A method for thermally focusing an analyte passing
through a pre-column and a separation column for liquid
chromatography, which method comprises the steps:
operation of the pre-column, during an enrichment phase
for enriching a sample 1n the pre-column, at a first tem-
perature that 1s lower than ambient temperature and the
operating temperature of the separation column and
lower than 15° C.;

heating the pre-column, after completion of the enrichment
phase, to a second temperature that 1s higher than the
operating temperature of the separation column and
higher than 20° C.;

cluting the analyte contained in the pre-column to the sepa-

ration column;

cooling of the sample to the operating temperature of the

separation column;

cluting the analyte contained 1n the separation column; and

thermally desorbing non-eluted sample from the separa-

tion column by increasing the temperature to a tempera-
ture that 1s higher than the second temperature of the
pre-column;

wherein the ID of the pre-column 1s from 150% to 750% of

the ID of the separating column.

2. The method according to claim 1, wherein said second
temperature that 1s at least 10° C. higher than the operating
temperature of the separation column.

3. The method according to claim 1, wherein the first
operating temperature of the separation column 1s gradually
raised to a level that 1s at least as high as the second tempera-
ture of the pre-column during elution 1n order to also facilitate
focused separation of analytes that have a strong interaction
with the stationary phase.

4. The method according to claim 1, wherein the first
temperature of the pre-column is lower than 5° C., and said
second temperature of the pre-column 1s higher than 45° C.

5. The method according to claim 1, wherein the first
temperature of the pre-column 1s lower than 2° C., and said
second temperature of the pre-column 1s higher than 55° C.

6. The method according to claim 1, wherein said second
temperature 1s at least 20° C. higher than the operating tem-
perature of the separation column.

7. The method according to claim 1, wherein said second
temperature 1s at least 30° C. higher than the operating tem-
perature of the separation column.

8. The method according to claim 1, wherein said second
temperature 1s at least 40° C. higher than the operating tem-
perature of the separation column.
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9. The method according to claim 1, wherein the first
temperature of the pre column 1s lower than 10° C., and said
second temperature of the pre-column 1s higher than 35° C.

10. The method according to claim 9, wherein the ID of the
pre-column 1s from 200% to 500% of the ID of the separating 53
column.
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